The Tekscan pressure sensor is a common instrument to quantify in vitro tibiofemoral and patellofemoral contact pressures, which helps to understand the impact of surgical intervention such as total knee arthroplasty (TKA). As a result of the non-linear behavior of the sensor, the conditioning, normalization and calibration of the sensor are critical to achieve correct measurements. In this paper, a literature review is presented that provides insight in the correct use of these sensors, resulting in optimal accuracy. To guarantee the repeatability of the measurements, a secure and correct fixation of the sensor in the joint is required. Using the sensor for intra-articular measurements induces several unintended effects, which potentially lower the accuracy of the measurement. First, the uneven surface can result in wrinkling and destruction of the sensor, in turn leading to measurement results that can be corrupted. Second, the presence of shear forces on the sensor can lead to wear of the sensor and reduction in sensitivity with loss of accuracy as a result. Also the fixation method can worsen the accuracy. In literature, a deterioration of the accuracy from 3% under optimal conditions to errors of more than 50% are reported as a result of the aforementioned effects.
INTRODUCTION
To investigate the influence of surgical techniques such as total knee arthroplasty (TKA) on the human knee joint, quantification of the in vitro tibiofemoral and patellofemoral contact pressure distribution before and after the intervention are an important measure to evaluate the success of the surgery [1] [2] [3] [4] . In this paper, the use of the popular K-scan pressure sensor from Tekscan (South Boston USA) for in vitro pressure measurements in the human knee joints is discussed. This sensor is constructed by two thin mylar layers, onto which electrical conductive leads have been deposited. The two layers are bonded together with a layer of semiconductive ink. At the intersection points of the conductive leads, pressure sensitive cells are constructed (see Figure 1 ). The electrical resistance of each cell is dependent of the force acting on that cell. By measuring the resistance of all cells, the pressure distribution on the sensor can be derived after an appropriate calibration [5, 6] . To measure patellofemoral contact pressure, a sensor with measuring area of 55,9mm x 55,9mm and sensel density of 62/cm 2 is commonly used. Tibiofemoral contact pressure is usually measured with a sensor which has two separate measuring pads of 27,9mm x 33,0mm and sensel density of 62/cm 2 . Figure 1 : Construction Tekscan sensor [7] The success of this sensor can be attributed to the low thickness (0,1mm) and the real-time evaluation of contact pressures. As a result, this sensor is well suited to evaluate contact pressures during dynamic in vitro tests [5, [8] [9] [10] . Despite these favourable characteristics, there are also quite some drawbacks when this sensor is used to measure intra-articular contact pressures. These drawbacks are discussed in the remaining sections.
SENSOR CALIBRATION
It has been shown that this sensor exhibit several forms of nonlinear behaviour. As a result, the calibration procedure has a fundamental impact on the final accuracy. The resistance of the electrical cells has a semi hyperbolic behaviour with respect to the applied force. The measuring device internally converts this to a semi exponential function, which represents the digital raw value of the force with respect to the applied load. This digital raw value forms the basic output, which has to be calibrated to achieve a relationship between contact pressure and the digital raw value [7] . To minimize the influences of hysteresis, drift and to improve the repeatability, the sensor should be conditioned. This preconditioning can be done by repeatedly applying a homogenous pressure exceeding the testing force [7, 11] .
It should be noted that each cell has a different resistance-force response. To overcome this unwanted characteristic, the sensor should be equilibrated prior to calibration. Equilibration is a normalization process of the output of each cell to the average output value of the whole pad. Therefore the sensor pad should be loaded by a homogeneous pressure. This can be achieved by the use of a pneumatic or hydraulic bladder or by loading it between parallel steel plates while the sensor is sandwiched between two rubbery sheets with a low poison ratio. To achieve a homogenous sensor sensitivity over the full measuring range, this equilibration can be done at different pressure levels [7] .
Following equilibration, the sensor can be calibrated. As the sensor's sensitivity is temperature dependent, equilibration and calibration should be done at the temperature the sensor will be used later on. The sensor is composed of a matrix of sensing elements surrounded with dead zones (see Figure 1 ). The stiffness of these dead zones and the measuring cells is different, consequently the interfacing material and surface structure will have an influence on the measurement. Therefore it is very important that the surfaces used for calibration mimic the properties of the testing surfaces as good as possible.
When testing materials with high poison ration or in situations where shear forces could be transmitted to the sensor, the use of a lubricant or a low friction protection film, such as Teflon, is advised. These measures will lower the shear forces acting on the sensor which could damage the sensor or corrupt the measurement data [7, 11] . As this sensor exhibits time dependent drift behaviour, the calibration time should be chosen close to the testing time [7, 12, 13] . Two calibration methods are provided by Tekscan. The first one is a linear single point calibration. This method is only satisfying for measurements within a small pressure range. The second method is the power law calibration. In this method a power curve is fitted. A minimum of two calibration points should be used for fitting this curve. To achieve a satisfactory overall calibration, however, up to 10 calibration points can be used. As the digital raw output has a quasi power law behaviour, this method provides an acceptable full range calibration. It has however been demonstrated that the use of a customized 3 and 10-point polynomial calibration improves the overall accuracy furthermore from 2,7% for a power law calibration to respectively 1,2% and 0,6 % [14, 15] . Another study showed an increased accuracy from 14% for 3 point power law calibration to 4% for a customized 11 point calibration [16] .
APPLICATION IN KNEE BIOMECHANICS

Mounting techniques
When actuating the knee in a knee simulator, the sensor should be securely fixed to one of the two contact surfaces to obtain accurate and repeatable measurements. To measure the patellofemoral contact pressure distribution during in vitro tests with native knees, the Tekscan sensor is mostly fixed to the patella (see Figure 2 ) [17] [18] [19] , only one experiment in which the sensor was fixed to the trochlea of the femur was reported [20] . If the tibiofemoral contact pressure has to be measured, the sensor can be fixed on the femoral plateau underneath [21] [22] [23] [24] [25] or on top of the menisci [26] . Also complete removal of the menisci to install the sensors has been reported [27] . The sensor can be fixed by the use of sutures (see Figure 2) [17, 18, 23, [27] [28] [29] or by metal pins [30, 31] . Alternatively, the use of a suture-glue combination has been reported [4] . For testing with a knee prosthesis, a common practice is to glue the sensor onto the patella or tibial tray [32] , or fixed by the use of double sided tape [2, 33] . To minimize shear forces acting on the sensor, a protective Teflon film of 0,1mm is often applied [4, 17-19, 21, 22, 28, 29, 33] . Alternatively, a lubricant such as surgical lubricant [5] or vaseline [22] can be applied onto the sensor.
3.2
Sensor behaviour in human knee joint One of the first problems that arise when using the Tekscan sensor for intra-articular contact pressure measurements is wrinkling of the sensor [5, 7, 10, [34] [35] [36] . As the sensor is made of a dimensionally stable substrate, it can nicely roll around a cylinder but it is difficult to wrap it around a ball shaped surface. Due to the high stiffness of the sensor, bending in two directions is impossible [10] . As the global shape of the patella is convex, the sensor cannot tightly fit to the complete surface (see Figure 2) . By wrinkling of the sensor, local inexistent high pressures will be read or cells could break down. A much lower repeatability was found for measurements on curved surfaces compared to flat surfaces [5] .
By testing a knee in a knee simulator, the contacting surfaces will undergo a sliding motion. As a result the sensor will be exposed to shear forces. The manufacturer advices to avoid shear forces acting on the sensor as these reduce the lifetime and alter the performance of the sensor [7] . If shear forces can be expected, measures should be taken to avoid the transmitting of these shear forces onto the sensor. This can be done by applying a sheet with low friction coefficient like Teflon on the sensor or by lubricating the sensor.
When exposing the sensor to a humid environment like in a knee, the sensor sensitivity will diminish over time. This can successfully be solved by sealing the sensor by the use of a plastic cover [37] or by saturating the sensor prior to calibration and testing [38] .
3.3
Accuracy of Tekscan sensor for intra-articular pressure measurements The accuracy of the Tekscan sensor changes when used for intra-articular measurements compared to static measurements between flat surfaces [5, 19, 29, 37] . However, most researchers use the accuracy of a static calibration test between flat surfaces without performing a validation test to define the accuracy level of the intra-articular pressure measurements. Several studies have shown that this is not correct [5, 29] . A large variation in accuracy of the sensor is reported. This is a result of the difference in the conditioning, equilibration, calibration and testing process. For flat compression tests, an accuracy of 3% for the applied force and 9% for the applied pressure was observed by Kent et al. [8] . A much worse accuracy for a flat pressure test between −12% and +20% was reported by Martinelli et al. [10] . For patellofemoral contact measurements, Wilson et al. [5] reported a force accuracy of 6,5±4,4% (mean±standard deviation over five trials each at seven load levels). The standard deviation for patellofemoral contact force measurement was assessed at 9,1% by Wilson at al. [5] . The correctness of these intra-articular measurement accuracies can be questioned as several reported causes of measurement errors are probably not taken into account. Next to the change in contact mechanics of the joint by inserting the sensor, four major causes of sensor accuracy deterioration for intra-articular measurements are reported. The first one is the effect of the sensor fixation. The second one is the effect of a humid environment. The third one is the effect of wrinkling of the sensor as a result of placing it between uneven surfaces. The last potential cause is the presence of shear forces acting on the sensor. These causes are discussed in more detail in this section. Note furthermore that shear forces and sensor wrinkling are the primary lifetime determining factors of this sensor [7, 29] .
Inserting the sensor film in a biological joint can change the contact mechanics. Inserting a 0,3mm thick Fuji Prescale pressure film with an elastic modulus 100-300 times larger than that of articular cartilage can distort contact pressure measurements by 10-26% [37] . As the Tekscan sensor has a lower thickness, a lower effect can be expected but results have not been published to the authors' knowledge.
Little research has been done to investigate the influence of the mounting method of the sensor on the accuracy of the measurements but several researchers have questioned this [33] . Only the influence of cementing the sensor has been investigated. By cementing the sensor, the resultant force was found to be 31±32% lower and the contact area to be 24±13% lower in comparison with an uncemented sensor. The maximum pressure on the other hand was found to be 24±44% higher [5] . This discrepancy could be a result of stiffening the contact.
Exposing the sensor to the humidity of a knee can lower the sensor output by 25% after 6 hours [38] . By saturating the sensor prior to calibration or by shielding the sensor this can be counteracted.
The effect of sensor wrinkling has not yet been quantified, but false pressure "spikes" where observed in the measurements of Ostermeier et al. [19] . In addition, broken cells were observed after testing [36] . Apart from the visible sensor wrinkling, the effect of using the sensor between curved surfaces such as the patellofemoral contact is not clear and can probably not be uniquely quantified [5] .
Shear forces acting on the sensor are often reported as a plausibly cause for contact pressure measurement errors but were not profoundly investigated [39, 40] . Wilharm et al. (2013) [29] were the first to investigate and report the effects of shear forces on the sensor that occur when the knee is tested in a knee simulator. Using the sensor without a Teflon protection film resulted in destruction of the sensor after 1 cycle of knee flexion. With the use of a protective film, a reduction in output of 17.2% after 12 cycles was observed. This effect could be attributed to sensor deterioration as a result of wear by shear forces. As the deterioration of the sensor seems to be linear, this systematic error can be quantified and compensated [29] .
Based on the results from literature, a workflow for performing correct intra-articular pressure measurements with Tekscan sensors is presented in Figure 3 . It is important to check the sensor for wear and failure after performing the measurements to estimate errors caused by sensor wear. To determine the final accuracy of the dynamic intra-articular pressure measurements, a validation test should be performed, which mimics the intra-articular situation and thereby takes into account the effects of shear force, uneven surfaces, wrinkling and the fixation method. In addition, the effect of the time dependent drift should be characterized. During dynamic testing the pressures are fluctuating, hence neither a single testing time nor a constant force can be defined. 
CONCLUSIONS
The Tekscan sensor has proven to be an interesting sensor for dynamic measurements of patellofemoral and tibiofemoral contact pressures. Its low thickness and the continuous measurements are the major advantages. As this sensor exhibits several forms of non-linear behaviour, the calibration method has a large effect on the accuracy of the sensor. The basic reported accuracy for flat static pressure measurements varies from 3% till 20%. The large variation is a result of the difference in the conditioning, equilibration, calibration and testing process. By using the sensor for intra-articular pressure measurements, effects from humidity, shear forces, wrinkling of the sensor, uneven test surfaces and the fixation methods can affect the final accuracy. Few research has yet been performed to quantify these effects but errors of 31±32% when cementing the sensor and 17,2% when exposed to shear forces have been reported. It is clear that care must be taken when using this sensor for intra-articular pressure measurements or errors of over 50% can occur. A validation test that mimics the testing conditions should be included to determine the final accuracy of the pressure measurements.
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